Abstract. Vasculogenic mimicry (VM) is a new tumor blood supply in some highly aggressive malignant tumors. We previously reported VM in human gallbladder carcinomas, 3-D matrices in vitro and nude mouse xenografts in vivo of highly aggressive GBC-SD cells and its clinical significance. In this study, we further studied the underlying mechanisms of VM in gallbladder carcinomas via the 3-D matrix in vitro, the nude mouse xenografts in vivo of GBC-SD or SGC-996 cells, immunohistochemistry (H&E staining and CD31-PAS double staining), electron microscopy, expression of MMP-2, MT1-MMP, PI3K, Ln-5γ2, EphA2, FAK and Paxillin-P proteins/mRNAs determined by SABC, ELISA, immunofluorescence, western blotting and qRT-PCR, respectively. It was shown that all of untreated highly aggressive GBC-SD cells and xenografts formed vasculogenic-like structures within 2 weeks of seeding and injecting, and facilitated the growth of tumor cells or xenografts; whereas poorly aggressive SGC-996 cells or GBC-SD cells treated by TIMP-2 were unable to form the vasculogenic-like structures with the same conditions; and tumor xenograft growth was inhibited. Expression of MMP-2, MT1-MMP proteins/mRNAs from sections and supernates of 3-D matrix in vitro, expression of PI3K, MMP-2, MT1-MMP, Ln-5γ2, EphA2, FAK and Paxillin-P proteins/mRNAs from sections of xenografts in vivo in untreated GBC-SD group was upregulated significantly (all P<0.001); however, expression of these VM signal-related proteins/mRNAs in the SGC-996 group and GBC-SD treated by the TIMP-2 group was significantly downregulated (all P<0.001). Thus, we identified for the first time that highly aggressive GBC-SD cells formed VM in vitro and in vivo through the upregulation of PI3K/MMPs/ Ln-5γ2 and/or EphA2/FAK/Paxillin signaling. PI3K/MMPs/ Ln-5γ2 and EphA2/FAK/Paxillin as key signaling pathways in a coordinated manner contributed to tumor growth and VM of gallbladder carcinomas and provided novel targets that could be potentially exploited for therapeutic intervention of human gallbladder carcinomas.
Introduction
Gallbladder carcinoma is the most common malignancy of the biliary tract, the fifth or sixth common malignant neoplasm of the digestive tract and the leading cause of cancer-related deaths in West countries and China (1) (2) (3) (4) (5) . The low 5-year survival rate and poor prognosis of patients with gallbladder carcinoma is related to diagnostic delay, low surgical excision rate, high local recurrence and distant metastasis and biological behavior of the tumor. Additionally, chemotherapy and radiotherapy for the disease are disappointing (1, (6) (7) (8) (9) (10) (11) (12) . Therefore, it is an urgent task to reveal the precise special biological behavior of gallbladder carcinoma development and provide a novel perspective for anticancer therapeutics.
The growth and metastasis of the tumor depend on an effective microcirculation. The formation of a microcirculation can occur via the traditionally recognized mechanisms of vasculogenesis and angiogenesis and the recently found VM. VM, a newly-defined pattern of tumor blood supply, provides a special passage without endothelial cells and is conspicuously different from angiogenesis and vasculogenesis (13) and , CHUN-YAN GE 1* , WEN-ZHONG ZHANG 1 and YUE-ZU FAN is associated with a poor prognosis for the patients with some aggressive malignant tumors such as melanoma (13, 14) , breast cancer (15) , ovarian carcinoma (16) , hepatocellular carcinoma (17, 18) , gastric adenocarcinomas (19) , and colorectal cancer (20) . However, the detailed mechanism of the tumor cells that form VM remains to be further elucidated. Currently, some signaling pathways involving factors which promote cell migration, invasion and matrix remodeling are thought to relative with the formation of tumor VM. These include PI3K, MMPs, Ln-5γ2 chain (21) (22) (23) (24) , EphA2, FAK (25) (26) (27) (28) (29) , tissue factor (TF) and its pathway inhibitor (TFPI) (30) and vascular endothelial growth factor α (VEGFα) (31) , and others (32, 33) . Therefore, understanding the key molecular mechanisms that regulate VM would serve as an important target for new cancer therapies. We previously reported that VM existed in human gallbladder carcinomas and gallbladder carcinomas by both 3-D matrices of highly aggressive GBC-SD cells in vitro and GBC-SD nude mouse xenografts in vivo and correlated with the patient's poor prognosis and that poorly aggressive SGC-996 cells did not form the vasculogenic-like networks when cultured under the same conditions, but formed pattern, vasculogenic-like networks when being cultured on a matrix preconditioned by the GBC-SD cells (34) (35) (36) . However, the exact mechanism underlying VM in gallbladder carcinomas still needs to be unraveled. In this study, we firstly present evidence that the formation of VM in human gallbladder carcinomas through the activation of the EphA2/FAK/Paxillin signaling pathway and the PI3K/MMPs/Ln-5γ2 signaling pathway in the 3-D matrixes of GBC-SD cells in vitro and GBC-SD nude mouse xenografts in vivo and provide a potential target therapy for VM of gallbladder carcinomas.
Materials and methods
Cell culture. Human gallbladder carcinoma (GBC-SD and SGC-996) cell lines have been described previously (36) and were maintained in Dulbecco's modified Eagle's media (DMEM, Gibco Co., USA) supplemented with 10% fetal bovine serum (FBS, Hangzhou Sijiqing Bioproducts, China) and 10 5 U/ml penicillin and streptomycin (Shanghai Pharmaceutical Works, China) in an incubator (Forma series II HEPA Class 100, Thermo Co., USA) at 37˚C with 5% carbon dioxide (CO 2 ).
Network formation assay in vitro.
Matrigel and rat-tail collagen type I three dimensional matrices were prepared as described previously (36) . Cells were allowed to adhere to the matrix and untreated and treated with 100 nM TIMP-2 recombinant protein (Sigma Co., Germany) for 4 days. Phase contrast microscopy (Olympus IX70, Japan) was used for analyzing the ability of the cells to engage in VM. The images were taken digitally using a Zeiss Televal inverted microscope (Carl Zeiss, Inc., Thornwood, NY) and camera (Nikon, Japan) at the time indicated.
Tumor xenograft assay in vivo. Balb/c nu/nu mice (equal numbers of male and female mice, 4-week old, ~20 g) were provided by Shanghai Laboratory Animal Center, Chinese Academy of Sciences and housed in specific pathogen-free (SPF) conditions. All the procedures were performed on nude mice according to the official recommendations of the Chinese Community Guidelines. Tumor xenograft assay of GBC-SD and SGC-996 cells in vivo was performed as described previously (36) . The mice, by 2 weeks when a tumor xenograft was apparent in the axilback of all mice, were randomly divided into a GBC-SD group (n=7), a SGC-996 group (n=7) receiving intraperitoneal injections of 0.1 ml normal saline alone twice each week and a GBC-SD+TIMP-2 group (n=6, each mouse with GBC-SD xenograft receiving intratumoral injection of 100 nM TIMP-2 recombinant protein), twice each week for 6 weeks in all. The maximum diameter (a) and minimum diameter (b) of the xenografts were measured with calipers two times each week. The tumor volume was calculated by the following formula: V (cm 3 ) = 1/6πab 2 . Also, tumor growth curve of each group was respectively evaluated.
Immunohistochemistry in vitro and in vivo.
Immunohistochemistry in vitro and in vivo included H&E staining, PAS staining, CD31-PAS double staining and the determination of MMP-2 or MT1-MMP protein for sections and supernates from the cell culture tissues and sections of tumor xenografts. i) H&E staining, PAS stainings and CD31-PAS double staining were performed as described previously (36) . ii) MMP-2 and MT1-MMP proteins from sections of 3-D culture samples and tumor xenografts were determined by SABC method. The sections (4-µm) from each group were dehydrated in xylene and graded ethanol series, were added in order with primary antibody [MMP-2 (1: 200), MT1-MMP (1:100); rabbit polyclonal antibody, Wuhan Boster Co., China)], biotinylated secondary antibody, SABC reagents and DAB solution (Wuhan Boster Co.), respectively. Then, sections were rinsed in distilled water, dehydrated through alcohol and xylene and mounted coverslip using a permanent mount medium and observed under an optical microscope with x10 and 40 objectives (Olympus CH-2, Japan). For negative control, the slides were treated with PBS in place of primary antibody. Ten sample slides in each group were chosen by analysis. More than 10 visual fields were observed or >500 cells were counted per slide. iii) MMP-2 and MT1-MMP proteins from supernates of 3-D culture samples were determined by ELISA. The supernates from each group and the diluted standard solutions were added into 2 multiple wells, 2 zero adjusting wells and a control TMB well. The former two wells were added with biotinylated antibody (MMP-2, ELISA kits, Wuhan Boster Co.; MT1-MMP, ELISA kits, DR, USA), ABC reagents and TMB solution (Wuhan Boster Co.), respectively; the control TMB well did not include reagents. Optical densities at 450 nm were measured using an ELISA reader (Biorad model, Sigma).
Electron microscopy in vitro and in vivo. For SEM and TEM, 3-D culture samples and fresh tumor xenograft tissues (0.5 mm 3 ) were fixed in cold 2.5% glutaraldehyde in 0.1 mol/l of sodium cacodylate buffer and postfixed in a solution of 1% osmium tetroxide, dehydrated and embedded in a standard fashion. Specimens were subsequently embedded, sectioned and stained by routine means for a Jeol-1230 TEM, or critically point-dried and sputter-coated with gold for a Hitachi S-520 SEM.
Immunofluorescence detection in vivo. EphA2, FAK, PI3K, Ln-5γ2 and Paxillin-P protein products from the xenografts of each group were determined by indirect immunofluorescence method. The frozen sections (4 µm) of the xenografts from each group were pretreated with 99.5% acetone, methanol with 3% hydrogen peroxide and 20% normal goat serum, were added with 50 µl (1:100) primary antibody [EphA2 and FAK, rabbit anti-human polyclonal antibody, Santa Cruz, USA; PI3K, mouse anti-human polyclonal antibody, Acris Antibodies GmbH, USA; Ln-5γ2, mouse anti-human polyclonal antibody, Santa Cruz; Paxillin (phosphor Y118), rabbit anti-human polyclonal antibody, Abcam Plc, USA], biotinylated secondary antibody (1:100; goat anti-rabbit IgG-FITC/GGHL-15F, or goat anti-mouse IgG-FITC/GGHL-90F, Immunology Consultants Laboratory, USA), respectively. Then, sections were rinsed in TBS solution and distilled water, mounted with coverslip using buffer glycerine and observed under a fluorescence microscope (Nikon, Japan). For negative control, the slides were treated with PBS in place of primary antibody. Ten sample slides in each group were chosen by analysis. More than 10 visual fields were observed per slide. Expression of each protein on slides of the xenografts showed a fluorescent yellow-green stain. Fluorescent stain intensity was classed into -, ±, +, ++, +++, ++++. Of these, -to +, negative expression; ≥++, positive expression.
Western blot analysis in vivo. EphA2, FAK, PI3K, Ln-5γ2 and Paxillin-P proteins from the xenografts of each group were determined by western blot analysis. Cells were lysed with 200 ml of cell lysis buffer (protein extraction kit, KangChen, KC-415, China) containing a cocktail of protease inhibitors and the supernatant of the lysed cells was recovered. BCA protein quantitative determination was carried out with a protein quantitative kit (KangChen, KC-430; China). Then, an aliquot of 20 mg of proteins was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing condition and were subsequently transferred to a PVDF membrane. An hour after being blocked with PBS containing 5% non-fat milk, the membrane was incubated overnight, then each primary antibody was added [EphA2, FAK, Ln-5γ2 (all from Santa Cruz); PI3K (P85-a, Acris Antibodies GmbH); Paxillin (phosphor Y118, Abcam Plc): mouse anti-human antibody, 1:3,000; and GAPDH (mouse anti-human antibody, 1:10,000; Kangcheng Bioengineering Co., Shanghai, China) diluted with PBST containing 5% non-fat milk at 4˚C], an appropriate anti-mouse or anti-rabbit HRP-labeled secondary antibody (1:5,000; Kangcheng Bioengineering Co.). The target proteins were visualized by an enhanced chemiluminescent (ECL) reagent (KC™ Chemiluminescent kit, KangChen, KC-420, China), and imaged on the Bio-Rad chemiluminescence imager. The gray value and gray coefficient ratio of each protein was analyzed and calculated with Image J analysis software.
QRT-PCR analysis in vivo.
Expression of MMP-2, MT1-MMP, EphA2, FAK, PI3K, Ln-5γ2 and Paxillin-P mRNAs from the xenografts of each group was respectively determined by qRT-PCR assay. QRT-PCR was performed as described by the manufacturer. Total RNA from the xenograft cells of each group was prepared using the TRizol reagent (Invitrogen, USA). Concentration of RNA was determined by the absorption at 260-280. PCR amplifications were performed with gene-specific primers (Table I) with annealing temperature and number of amplification cycles optimized using cDNA [2] [3] [4] , original magnification, x200) in vitro. Highly aggressive GBC-SD cells formed patterned, vasculogenic-like networks when cultured on Matrigel (a 1 ) and rat-tail type I collagen matrix (a 2 and a 3 , H&E staining) for 14 days. Similarly, the 3-D cultures of GBC-SD cells when stained with PAS without hematoxylin counterstain showed the vasculogenic-like structures; PAS-positive, cherry-red materials were found in granules and patches in the cytoplasm of GBC-SD cells appeared around the signal cell or cell clusters (a 4 ). However, poorly aggressive SGC-996 cells did not form these networks when cultured under the same conditions (b [1] [2] [3] [4] ). In the process of network formation, using TIMP-2 for 2 days, GBC-SD cells lost the capacity of the vasculogenic-like network formation, with visible cell aggregation, floating, nuclear fragmentation, apoptosis and necrosis (c 1-4 ). (B) Vasculogenic-like microstructures on 3-D cultures of GBC-SD cells by electron microscopy (Ba 1-3, SEM x500; Bb 1-3 , TEM x1200). SEM clearly visualized channelized or hollowed vasculogenic-like networks formed in GBC-SD cells (Ba 1,2 , red arrowhead), with clear microvillus surrounding cluster of tumor cells. TEM shows some microvilli outside the network, clear cellular organelle structures and cell connection with an increased electron density (Bb 1 , yellow arrowhead). After using TIMP-2 for 2 days, GBC-SD cells did not grow along the collagen framework, were raised and deformed, lost the capacity of network formation (Ba 3 ), with visible decreased microvillus, destroyed cellular organelles, nuclear fragmentation, vacuolar degeneration and typical apoptotic bodies (Bb 2, 3 , brown arrowhead). onto 15 g/l agarose gel and observed by ethidium bromide (EB, Huamei Bioengineering Co., China) staining using the ABI PRISM 7300 SDS software.
Statistical analysis. The data are expressed as mean ± SD and performed using SAS, 9.0 version software (SAS Institute Inc., Cary, NC, USA). Statistical analyses to determine significance were tested with the χ 2 , F or Student-Newman-Keuls t-tests. P<0.05 was considered statistically significant.
Results

Vasculogenic-like network formation of GBC-SD cells in vitro.
As showed in Fig. 1 , highly aggressive GBC-SD cells were able to form vasculogenic-like network structures when cultured on Matrigel and rat-tail collagen type I composed of the ECM gel in the absence of endothelial cells and fibroblasts (Fig. 1Aa 1-4 ) . The tumor-formed networks initiated formation within 48 h after seeding the cells onto the matrix with optimal structure formation achieved by 2 weeks. However, poorly aggressive SGC-996 cells were unable to form tubularlike structures with the same conditions (Fig. 1Ab 1-4 ) . SEM clearly visualized channelized or hollowed vasculogenic-like networks in GBC-SD cells (Fig. 1Ba 1,2 ) , with clear microvilli and tubular structures surrounding a cluster of tumor cells. TEM showed some microvilli outside the network, clear cellular organelle structures and cell connection with an increased electron density (Fig. 1Bb 1 ) . The results were concordant with our previous report (36) . It is interesting that in the process of vasculogenic-like structure formation, using TIMP-2 ( Fig. 1Ac 1-4 ) for 2 days, GBC-SD cells lost the capacity of network formation, with visible cell aggregation, floating, nuclear fragmentation, apoptosis and necrosis. Using TIMP-2 for 48 h after network formation, the formed vasculogeniclike structures were destroyed, with visible cell aggregation, floating, nuclear fragmentation and apoptosis. It was shown that TIMP-2 inhibited and destroyed formation of VM, and formed-VM from the 3-D culture of GBC-SD cells in vitro.
Tumor growth and VM formation of GBC-SD xenografts in vivo.
In the experiment, the tumor appeared gradually in the subcutaneous area of right axilback of nude mice from the 6th day after inoculation. As shown in Fig. 2A , xenograft formation rate in nude mice after 2 weeks was 100% (7/7) for GBC-SD, 71.4% (5/7) for SGC-996 and 33.3% (2/6) for GBC-SD+TIMP-2, with significant difference between GBC-SD group and GBC-SD+TIMP-2 group (P<0.01). In addition, the medium volume of nude mouse xenografts at 6th weeks in GBC-SD+TIMP-2 group was smaller than that of GBC-SD group (1.85+0.93 vs. 2.95+1.43 cm 3 , P<0.001), but there was no significant difference between GBC-SD group and SGC-996 group (P>0.05). Morphology characteristics of xenografts were observed via H&E staining and dual-staining with CD31-PAS under optical microscopy and TEM. Microscopically, the xenografts in GBC-SD group showed that tumor cells lined channels containing red blood cells (Fig. 2Ba 1 ) without any evidence of tumor necrosis; the channel consisted of tumor cells was negative for CD31 and positive for PAS; and tumor cells formed vessel-like structures with single red blood cell inside (Fig. 2Ba 2 ) . VM positive rate was 85.7% (6/7) in GBC-SD group. Among 24 tissue sections, 10 high-power fields in each section were counted to estimate the proportion of vessels that were lined by tumor cells, 5.7% (17/300) channels were seen to contain red blood cells among these tumor cell-lined vasculatures. In the central area of the tumor, xenografts exhibited VM in the absence of ECs, central necrosis or fibrosis (Fig. 2Ba 2 ) . For xenografts in GBC-SD group, TEM clearly showed single, double and several red blood cells existed in the centre of tumor nests (Fig. 2Ba 3 ) . There was no vascular structure between the surrounding tumor cells and erythrocytes. Neither necrosis nor fibrosis was observed in the tumor nests (Fig. 2Ba 3 ) . However, similar phenomenon failed to occur in xenografts of SGC-996 group (Fig. 2Bb 1-3 ) or GBC-SD+TIMP-2 group (Fig. 2Bc 1-3 ) with damaged cellular organelles, cell necrosis, nuclear pyknosis, fragmentation and apoptotic bodies (Fig. 2Bb 3 and c 3 ) . These findings demonstrated VM in GBC-SD nude mouse xenografts, was concordant with the results in vivo and in clinical report by us (34, 36) . Additionally, TIMP-2 was able to inhibit the VM formation of GBC-SD xenografts in nude mice in vivo. Fig. 3A a1,7 ) and MT1-MMP ( Fig. 3Aa 4,7 ) proteins in GBC-SD group was observed in vitro. Expression of MMP-2 and MT1-MMP proteins in SGC-996 group (Fig. 3Aa 2,5,7 ) and GBC-SD+TIMP-2 ( Fig. 3Aa 3,6,7 ) group was significantly decreased ( * P<0.001, # P<0.01, vs. GBC-SD group). Moreover, expression of MMP-2 (Fig. 3Bb 1 ) and MT1-MMP (Fig. 3Bb 2 ) proteins from supernates of 3-D culture samples in vitro in GBC-SD group increased significantly with time, when compared with SGC-996 group and GBC-SD+TIMP-2 group ( * P<0.001). Furthermore, overexpression of MMP-2 ( Fig. 4A a1,7 and B) and MT1-MMP (Fig. 4Aa 4,7 and B) proteins or mRNAs from sections of tumor xenografts in vivo in GBC-SD group was also observed; expression of MMP-2 and MT1-MMP proteins or mRNAs in SGC-996 group (Fig. 4A a2,5,7 and B) and GBC-SD+TIMP-2 group (Fig. 4Aa 3,6,7 and B) was significantly decreased ( * P<0.001, vs. GBC-SD group). The results showed that highly aggressive GBC-SD cells formed in vitro and in vivo VM networks overexpressing MMP-2 and MT1-MMP; however, poorly aggressive SGC-996 cells or GBC-SD cells treated by TIMP-2, which did not form these networks, markedly downregurated expression of MMP-2 and MT1-MMP. Thus, TIMP-2 effectively inhibit expression of these proteins, inhibiting VM of GBC-SD cells in vitro and in vivo, as to disproof that highly aggressive GBC-SD cells formed in vitro and in vivo VM through the upreguration of MMP-2 and MT1-MMP expression.
Expression of EphA2, FAK, PI3K, Ln-5γ2 and Paxillin-P proteins/mRNAs of the tumor xenografts in vivo.
Expression of EphA2, FAK, PI3K, Ln-5γ2 and Paxillin-P proteins/mRNAs of the xenografts of each group in vivo are shown in Figs. 5 and 6. Expression (bright yellow-green fluorescent staining reactant in the cytoplasm, or western gray value) of EphA2, FAK, PI3K, Ln-5γ2 and Paxillin-P proteins in GBC-SD group (Figs. 5A a1-5 and B and 6A and B) was all upregulated markedly; however, expression of these VM signal-related proteins in SGC-996 (Figs. 5Aa [6] [7] [8] [9] [10] and B and 6A and B) and GBC-SD+TIMP-2 (Figs. 5Aa [10] [11] [12] [13] [14] [15] and B and 6A and B) groups was significantly downregulated ( * P<0.001). Furthermore, expression of EphA2, FAK, PI3K, Ln-5γ2 and Paxillin-P mRNAs in GBC-SD group (Fig. 6C) was increased significantly when compared with SGC-996 group and GBC-SD+TIMP-2 group ( * P<0.01). The results showed that highly aggressive GBC-SD cells formed in vivo VM networks overexpressing VM signalrelated markers EphA2, FAK, PI3K, Ln-5γ2 and Paxillin-P; poorly aggressive SGC-996 cells, which did not form these networks, markedly downregurated expression of these VM signal-related markers; TIMP-2 effectively inhibit expression of these VM signal-related markers, then, as to disproof that highly aggressive GBC-SD cells formed in vivo VM through EphA2/FAK/Paxillin signaling and PI3K/MMPs/Ln-5γ2 signaling. Thus, we deduced that EphA2/FAK/Paxillin and PI3K/MMPs/Ln-5γ2 signaling pathways contributed to tumor growth and vasculogenic mimicry of human gallbladder carcinoma GBC-SD cells in vitro and in vivo.
Discussion
VM is a novel paravascular tumor blood supply pattern in some highly aggressive malignant tumors formed by tumor cells instead of endothelial cells. VM describes the unique ability of highly aggressive tumor cells to express endothelial cell-associated genes and form ECM-rich, patterned tubular networks when cultured on a three-dimensional matrix. We previously reported that VM existed in human gallbladder carcinomas and correlated with the patient's poor prognosis (34, 35) . In this study, we further investigated vasculogeniclike network formation capability of human gallbladder carcinomas in vitro and in vivo. The results shown that highly aggressive GBC-SD cells were able to form vasculogenic-like network structures when cultured on Matrigel and rat-tail collagen type I and when injected subcutaneously into the right axilback of nu/nu mice and then facilitated growth of tumor cells or xenografts; that poorly aggressive SGC-996 cells were unable to form the tubular-like structures with the same conditions; and TIMP-2 was able to inhibit and destroy formation of VM from the 3-D culture of GBC-SD cells in vitro and VM formation of GBC-SD xenografts in nude mice in vivo, thus inhibiting tumor xenografts' growth. The results were not only concordant with our previous report (36) , but also further confirmed vasculogenic-like network formation capability of highly aggressive GBC-SD cells in vitro and in vivo.
The molecular events underlying VM displayed by highly aggressive malignant tumor cells, especially, aggressive human gallbladder carcinomas remain poorly understood. Therefore, understanding the key molecular mechanisms that regulate VM in human gallbladder carcinomas would be an important event and provide potential targets for new therapies of gallbladder carcinomas. Recently, experimental evidence has shown the importance of several key molecules or signaling pathways in the formation of vasculogenic-like networks by aggressive malignant tumor cells, including EphA2, FAK (25) (26) (27) (28) (29) , PI3K, MMPs, and Ln-5γ2 chain (21) (22) (23) (24) .
PI3K/MMPs/Ln-5γ2 signaling pathway is a key pathway which regulate VM formation of aggressive malignant tumor cells. PI3K, made up of four different 110-kDa catalytic subunits and a smaller regulatory subunit, is a lipid kinase that phosphorylates phosphatidylinositol or its derivatives on the 3-hydroxyl of the inositol head group. The principle product of PI3K activity, PI (3-5) -P3 acts as a binding site for many intracellular proteins that include pleckstrin homology (PH) domains with selectivity for this lipid. The PI3K signaling pathway plays an integral role in many normal cellular processes, including survival, proliferation, differentiation, metabolism and motility, in a variety of cell types (37) . MMPs, divided into soluble MMPs and MT-MMP, is a broad family of zinc-biding endopeptidases that participate in the ECM degradation that accompanies cancer cell invasion, metastasis and angiogenesis (38) (39) (40) (41) . Specifically, MT1-MMP and MMP-2 are key mediators of invasion, metastasis, tumor angiogenesis and recently tumor cell VM (22, 42) . Numerous studies have indicated that MT1-MMP is important for endothelial tubulogenesis in fibrin gels (43) , in endothelial cell migration on 3-D collagen gels (44) and both MT1-MMP and MMP-2 are upregulated when endothelial cells are cultured on a 3-D matrix (45) . Recent multiple studies have indicated that MMP-2 and MT1-MMP expression was significantly related to VM formation in melanoma and ovarian carcinoma cells in 3-D culture (21, 24) . Microarray analysis revealed that MMPs (-1, -2, -9 and -14) were all more highly expressed in aggressive melanoma with VM channels compared with poorly aggressive melanoma with absence of VM (46) . The Ln-5γ2 chain, MMP-2 and MT1-MMP act cooperatively and required highly aggressive melanoma tumor cells to engage in VM when cultured on a three-dimensional ECM (22) . The Ln-5γ2 chain in the ECM is able to remote VM formation (22, 23) . Recent observation showed that highly aggressive melanoma tumor cells can secrete the Ln-5γ2 chain and that the γ2 and γ2x chains, antisense oligonucleotides to the Ln-5γ2 chain and antibodies to MMP-2 or MT1-MMP may inhibit VM formation. Several recently published reports have indicated that PI3K is an important adjustor of directly affecting the cooperative interactions of MT1-MMP and MMP-2 activity in highly aggressive melanoma tumor cells. PI3K regulates MT1-MMP activity, which promotes the conversion of pro-MMP into its active conformation through an interaction with TIMP-2. Both enzymatically active MT1-MMP and MMP-2 may therefore promote the cleavage of Ln-5γ2 chain into pro-migratory γ2 and γ2x fragments. The deposition of these fragments into tumor extracellular milieu may result in increased migration, invasion and VM formation (22, 23) . Special inhibitors of PI3K may impair VM formation and decrease MT1-MMP and MMP-2 activity. Furthermore, inhibition of PI3K blocked the cleavage of Ln-5γ2 chain, resulting in decreased levels of the γ2 and γ2x promigratory fragments (21) . Similarly, in aggressive ovarian tumor cells, MMP-2 or MT1-MMP seems to play an important role in the VM channel. Human ovarian cancers with MMP overexpression are more likely to have tumor cell-lined vasculature (24) . Thus, PI3K/MMPs/Ln-5γ2 may represent the predominant targets for anti-VM of tumors and cancer therapy. In this study, expression of MMP-2 and MT1-MMP proteins/mRNAs from sections and supernates of 3-D culture samples in vitro and from sections of tumor xenografts in vivo in GBC-SD group was upregulated significantly (P<0.001); however, expression of MMP-2 and MT1-MMP proteins/ mRNAs in SGC-996 group was significantly downregulated (P<0.001). Furthermore, expression of PI3K and Ln-5γ2 proteins/mRNAs of the xenografts of GBC-SD group in vivo was also upregulated markedly; however, expression of these VM signal-related proteins in SGC-996 groups was significantly downregulated (P<0.001). These results showed that highly aggressive GBC-SD cells formed in vitro and in vivo VM networks overexpressing VM signal-related markers PI3K, MMP-2, MT1-MMP and Ln-5γ2; poorly aggressive SGC-996 cells, which did not form these networks, markedly downregurated expression of these VM signal-related markers. Thus, we deduced that highly aggressive GBC-SD cells formed VM in vitro and in vivo through the upregulation of PI3K/MMPs/Ln-5γ2 signaling, that PI3K/MMPs/Ln-5γ2 signaling pathway contributed to tumor growth and VM of human gallbladder carcinomas.
EphA2/FAK/Paxillin signaling pathway is another key pathway which regulated VM formation of aggressive malignant tumor cells. EphA2, a receptor tyrosine kinase and a member of the Eph (ephrin receptor) family of protein tyrosine kinases (PTKs) which could be pivotal factors of VM, has been found to play an important role in angiogenesis and in the process of formation of VM (24, 28, 47, 48) . Microarray analyses revealed that EphA2 were dramatically overexpressed in aggressive human cutaneous and uveal melanoma cells, although not in poorly aggressive melanoma cells. Transient knockout of EphA2 in vitro abrogated the ability of highly aggressive melanoma cells to form the vasculogeniclike networks (25, 49) . EphA2 upstream molecules regulate VM formation. EphA2 and VEcad are colocalized at sites of cell-cell adhesion. Knockdown of EphA2 expression does result in a redistribution of EphA2 on the cell membrane and an inability of the cells to form vasculogenic structures. When organized on the cell membrane, EphA2 is capable of binding to its ligand EphA1, resulting in the phosphorylation of EphA2. Phosphorylated EphA2 then forms an interaction with FAK, which leads to phosphorylation and activation of FAK (49) . Additionally, EphA2 may converge to activate the PI3K (as effector of EphA2 downstream) pathway leading to the activation of MMP-2 and consequent cleavage of Ln-5γ2 (25) (26) (27) 50, 51) . Also, the localization of EphA2 in aggressive human melanoma tissues is associated with areas containing patterns of vasculogenic-like networks. FAK, non-receptor protein tyrosine kinase, is a 125-kDa cytoplasmic tyrosine kinase associated with focal adhesions and is the major protein to become tyrosine phosphorylated after integrin activation. Recently, studies have demonstrated FAK to be an important key mediator of the aggressive melanoma phenotype, including VM (28, 29) . FAK is phosphorylated on Tyr 397 and Tyr 576 in aggressive human cutaneous and uveal melanoma cells cultured on a 3-D matrix in vitro, as well as in radial and vertical growth phase melanomas in situ. Expression of FAK-related non-kinase in melanoma cells, which acts to disrupt FAK signaling, directly results in the inhibition of the aggressive phenotype, as demonstrated by decreased invasion, migration and VM potential. FAK signaling regulates invasion, migration and VM through two distinct signaling pathways. Firstly, FAK signals through Erk1/2 increase the levels of urokinase activity, thus regulating invasion of the aggressive melanoma cells. Additionally, FAK seems to signal through unknown downstream effectors to promote migration in aggressive melanoma cells that may contribute to an increase of VM potential. Secondly, Erk1/2 regulates MMP-2 and MT1-MMP activity, thus promoting melanoma invasion and VM (28, 29) . Collectively, these observations implicate FAK as a promoter of the aggressive melanoma phenotype, thereby identifying it as a rational target for therapeutic intervention of malignant melanoma. Paxillin is a focal adhesion-associated, phosphotyrosine-containing protein that may play a role in numerous signaling pathways. Paxillin contains a number of motifs as docking sites that mediate protein-protein interactions. Thus paxillin itself serves as a docking protein to recruit signaling molecules to a specific cellular compartment, the focal adhesions and/or to recruit specific combinations of signaling molecules into a complex to coordinate downstream signaling. The biological function of paxillin coordinated signaling is likely to regulate cell spreading and motility. Also, FAK plays an important role in tyrosine phosphorylation of Paxillin (52) . In VM, activity of FAK, as bridging protein between EphA2 and integrins, mediates Paxillin phosphorylation at local adhesion sites, then regulating focal adhesion effect, increasing tumor cell mobility, being conducive to the formation of VM (48) . So, EphA2/FAK/Paxillin signaling pathway may represent other predominant targets for anti-VM of tumors and cancer therapy. In this study, expression (bright yellow-green fluorescent staining reactant in cytoplast, or western gray value) of EphA2, FAK and Paxillin-P proteins/ mRNAs of the xenografts in GBC-SD group was upregulated markedly; however, expression of these VM signal-related proteins in SGC-996 and GBC-SD+TIMP-2 groups was significantly downregulated (all P<0.001). The results showed that highly aggressive GBC-SD cells formed in vivo VM networks overexpressing VM signal-related markers EphA2, FAK and Paxillin-P; poorly aggressive SGC-996 cells, which did not form these networks, significantly downregurated expression of these VM signal-related markers. Thus, we deduced that highly aggressive GBC-SD cells formed VM in vitro and in vivo through the upregulation of EphA2/FAK/ Paxillin signaling, and that EphA2/FAK/Paxillin signaling pathways also contributed to tumor growth and VM of human gallbladder carcinomas.
TIMP-2 is a 21-kDa protein which selectively forms a complex with the latent proenzyme form of the 72-kDa type IV collagenase. The secreted protein has 194 amino acid residues and is not glycosylated. TIMP-2 inhibits at a 1:1 ratio the type IV collagenolytic activity and the gelatinolytic activity associated with the 72-kDa enzyme. Whereas the 72-kDa type IV collagenase is a member of the collagenase enzyme family that has been closely linked with the invasive phenotype of cancer cells. Both normal cells and highly invasive tumor cells produce the 72-kDa type IV procollagenase enzyme in a complexed form consisting of the proenzyme and TIMP-2. The balance between activated enzyme and available inhibitor is considered to be a critical determinant of the matrix proteolysis associated with a variety of pathologic processes, including tumor cell invasion. TIMP-2 is capable of binding to both the latent and activated forms of the 72-kDa type IV collagenase and will abolish the hydrolytic activity of all members of the metalloproteinase family (53, 54) . TIMP-2 is a potent inhibitor of cancer cell invasion through reconstituted extracellular matrix (55, 56) . TIMP-2 produced by the same tumor cells which make collagenase, therefore, exists as a natural suppressor of invasion. Addition of endogenous inhibitor TIMP-2 or antibodies to 72-kDa type IV collagenase or specific antiserum against the 72-kDa type IV collagenase achieved alteration of the type IV collagenaseinhibitor balance, then inhibited HT-1080 cell invasion (55) . A significantly higher concentration of TIMP-2 may effectively inhibit all of the proteolytic activities associated with MMP-2 and/or MT1-MMP (plus other MMPs in the culture that can bind TIMP-2). The inhibition of either MMP-2 or MT1-MMP activity with antibodies is sufficient to prevent formation of vasculogenic-like patterned networks (22) . To determine whether MMPs, especially MMP-2 or MT1-MMP are actively involved and required for the vasculogenic process of 3-D culture matrices in vitro and tumor xenografts in vivo, recombinant TIMP-2 was added to the highly aggressive GBC-SD cells in 3-D culture matrices and injected intratumorally into GBC-SD xenografts in vivo. The results indicated that all of untreated GBC-SD cells and xenografts formed patterned tubular networks within 2 weeks of seeding and injecting and expression of MMP-2, MT1-MMP and EphA2, FAK, PI3K, Ln-5γ2 proteins/mRNAs in these untreated GBC-SD cells and xenografts was upregulaed to different degree; whereas TIMP-2 retarded the onset of the patterned network formation and markedly downregurated expression of these proteins/mRNAs. Thus, we believed that TIMP-2 inhibited VM formation of GBC-SD cells in vitro and in vivo through two separate mechanisms. On one hand, TIMP-2 inhibited PI3K/MMPs/Ln-5γ2 signaling pathway through downregulation of MMP-2 and MT1-MMP expression. Inhibition of PI3K not only reduced MT1-MMP and MMP-2 activity, but also blocked the cleavage of Ln-5γ2 chain, resulting in decreased levels of the γ2 and γ2x promigratory fragments and impairment of VM formation. On the other hand, TIMP-2 indirectly inhibited EphA2/FAK/Paxillin signaling pathway through downregulation of EphA2 and FAK expression. Inhibition of EphA2 and FAK through Erk1/2 not merely decreased the levels of urokinase activity, thus regulating loss of the invasive ability of aggressive GBC-SD cells, but also downregulated MMP-2 and MT1-MMP activity, inhibiting tumor invasion and VM (28, 29) . Additionally, inhibition of EphA2 did not converge to activate the PI3K pathway leading to the activation of MMP-2 and consequently blocked cleavage of Ln-5γ2 (25) (26) (27) 50, 51) . Collectively, these results showed that TIMP-2 inhibited tumor growth and VM formation of GBC-SD cells in vitro and in vivo through diverse mechanisms; and served as to disproof that highly aggressive GBC-SD cells formed in vitro and in vivo VM through the upreguration of PI3K/ MMPs/Ln-5γ2 signaling, especially MMP-2 and MT1-MMP expression.
In conclusion, highly aggressive GBC-SD cells formed VM in vitro and in vivo through the upregulation of PI3K/ MMPs/Ln-5γ2 signaling and EphA2/FAK/Paxillin signaling. PI3K/MMPs/Ln-5γ2 and EphA2/FAK/Paxillin signaling pathways contributed to tumor growth and VM of human gallbladder carcinomas. PI3K/MMPs/Ln-5γ2 and EphA2/FAK/ Paxillin may act in a coordinated manner as key signaling pathways in the process of human gallbladder carcinoma VM and illustrate novel targets that could be potentially exploited for therapeutic intervention.
